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Concern for estrogenic effects of environmental xenobiotic chemicals on human and wildlife health has existed for over 25 years (1, 2) . However, within the last 4 years, this interest has become focused and intensified (3) (4) (5) . Among wildlife species, research has been focused on animals associated with wetland or aquatic habitats receiving sewage or industrial effluent and agricultural runoff. As with most studies in aquatic toxicology, fish have received the greatest attention. In fish, estrogenic responses have been associated with exposure to pesticides (6) , surfactants (7) , pulp mill effluent/phytoestrogens (8) (9) (10) (11) , industrial waste (12) , and sewage effluent (13, 14) . In these studies, one measure of estrogenic activity is the production of vitellogenin (VTG), an estrogen-inducible egg protein precursor. This protein, normally synthesized in the liver of female oviparous vertebrates, is estrogen dependent and increases markedly in the serum during oocyte development (15, 16) . In general, the VTG gene is present but not expressed in males [there are exceptions (17) (18) (19) (20) (21) ]. However, administration of exogenous estrogen, estrogen mimics, or P450 aromatase inducers can elicit VTG synthesis in males (22) (23) (24) . The 63 and 125, n = 5). Additionally, female carp were collected from the effluent channel (n = 7) and from MRP-2 (n = 10). Fish were collected using a pulsed DC electrofishing boat. Fish, which were all in postspawning condition, were obtained from the effluent channel during the last week of August and from the other locations between 20 September and 16 (26) . Immediately after electrophoresis, one set of gels was stained with Coomassie Brilliant Blue (R250) to visualize the proteins, and another set of gels was electroblotted overnight at 20 V and 40C onto Immobilon P membranes (Millipore Corporation, Bedford, MA) using 10 mM MES (morpholinoethane sulfonic acid), pH 6, 20% MeOH as the transfer buffer (27) . For Western blot analyses, membranes were blocked with 5% non-fat dry milk (28) in TBST (10 mM Tris, pH 7; 150 mM NaCl; 0.5% Tween) for 2 hr at room temperature and then incubated directly with tissue culture supernatant containing Mab HL 1147 (2D3-3A9) for 16 hr at 40C. The membrane was then washed in TBST and probed with goat anti-mouse alkaline phosphatase-conjugat- = 0.022). As observed for serum T, a significant difference was observed among collection sites when the data were analyzed as E/A ratios (F = 4.73; df= 4,40; p = 0.003). Male fish collected in the effluent stream of the sewage treatment plant and from the Minnesota River exhibited significandy elevated E/A ratios compared to fish obtained from the reference site (St. Croix River). Reduced serum T, rather than increased serum estrogen, was responsible for that significant increase (Table 2) . No statistically significant relationship was observed between either the serum E2 concentrations or the E/A ratios and serum VTG concentrations in male fish. However, the relationship between E/A ratio and serum VTG concentration did border on significant (r2 = 0.434; p = 0.054), suggesting that this relationship should be considered in future research.
Although this study focused primarily on males, adequate numbers of females were obtained from two sites, STP and MRP-2. Serum sex steroids in these females did not vary significantly between sites, but serum T concentrations were a quarter of that observed in males, whereas plasma E2 concentrations were 2-4 times greater than those detected in males ( Table 2) . The E/A ratio (x 100) for females from STP was 32.8 (± 7.6) while females from MRP-2 averaged 60.9 (± 6.6). The disparity in female E/A ratio was due to variation in serum E2 concentrations, the opposite of that observed in the males. The E/A ratios for females were greatly elevated compared to those observed in males from any site.
Discussion
Our results show a pronounced estrogenic effect (VTG production in male carp) associated with exposure to municipal sewage effluent (Fig. 2) . Serum VTG concentration was elevated without a coincident significant increase in the circulating concentration of the endogenous estrogen, E2 (Table 2 ). However, circulating T was reduced and the E/A ratio was elevated in male fish caught in the effluent channel.
Vitellogenin induction was not observed at any other sampling location, even in fish collected between 3 and 17 miles downstream of the effluent channel (MRP-2). No attempt was made to establish a gradient of VTG induction away from the effluent channel due to the diluting effect associated with an abnormally high flow rate of the Mississippi River in 1995 (160-300% of normal in May through October). The presence ofVTG in the serum of male carp suggests that there is an estrogenic component of the sewage discharge. Similar observations have been reported with caged fish in Great Britain rivers receiving domestic sewage (14, 30) . Purdom et al. (14) suggested that the most likely estrogenic substances in domestic sewage are ethynyl estradiol (EE2) and alkylphenol polyethoxylates (APEs); however, a wide range of environmental contaminants possessing estrogenic activity have been reported and may be associated with domestic sewage (31, 32) . Estrogens have been measured by radioimmunoassay in the effluent of a modern sewage treatment facility and shown to vary from 7 to 52 ng/l (33). Male sheepshead minnows can produce measurable quantities of VTG after a 3-day exposure to E2 at 10 ng/l (Folmar, unpublished observations). Purdom et al. (14) also showed that EE2 at 1-10 ng/l could induce a vitellogenic response in caged rainbow trout. Alkylphenol polyethoxylates are produced worldwide at >300,000 tons annually, and as much as 60% of that ends up in the aquatic environment (34) . These chemicals have been shown to bind to the estrogen receptor of fish and mammals (7, 35) and are capable of inducing VTG production in fish hepatocyte cell culture (7, 13) . Additionally, a wide array of chemicals, including pesticides and plasticizers commonly found in waste water, stimulate VTG production from fish hepatocytes in vitro (12) . In general, there appears to be little similarity in structure among many of the documented estrogenic chemicals (36) , but a para-substituted phenolic group (37) and structural rigidity (38,39) appear to 
